Abstract-Mobile node localization is one of the challenging and crucial issues in wireless sensor networks. The paper proposed a new approach to mobile localization, called LLA (Lee Localization Algorithm), to mitigate TOA measurement errors. The algorithm was divided into three phases: (1) pre-ranging algorithm was proposed to initialize localization by employing TOA method; (2) refinement algorithm was designed to filter out bad nodes; (3) smallest circle covering algorithm was developed to deal with good nodes to complete the localization. Experimental results show that the presented approach efficiently eliminates the effects of the measurement bias and obtains a high accuracy of 2m as well as low complexity, outperforming traditional trilateration.
I. INTRODUCTION
With the rapid development of wireless technology, wireless sensor networks can be widely used in various areas, such as, environmental monitoring, medical care, disaster prevention, inventory tracking, traffic monitoring, and military surveillance [1] . A typical wireless sensor network is composed of nodes densely deployed in a field, which have a low-powered processor with a couple of onboard memory, a wireless transceiver, and some battery-powered sensors [2] . Each sensor performs a sensing task for detecting specific events.
There are some essential issues in wireless sensor networks, such as, localization, deployment, coverage, routing, location service, target tracking, and rescue. Localization is of the greatest importance among them because the location information is extremely useful for the others [3, 4] . Hence, it is the fundamental function to determine sensor nodes' own position and incident's location in wireless sensor networks. What's more, sensor node localization, as one of the supporting techniques, plays an extremely important role in wireless sensor networks. First, the node position information is required to make sure where the event happened [5] ; second, some system functions in WSN need to know where the node is [6, 7] ; finally, quite a few wireless sensor network protocols have also made use of the node location information. As a result, with the continuous development of wireless sensor network, node localization technology has become a very challenging task, which will be applied in various requirements based on geographical position information.
Mobile localization is a growing practice in mobile communication system, so it is important to acquire the mobile node's current location. According to the measured parameters of received radio waves and the specific algorithm, the mobile node's current position is estimated. There are some common characteristics parameters, such as, Received Signal Strength Indication (RSSI) [8, 9] , Time Of Arrival (TOA) [10, 11] , Time Difference Of Arrival (TDOA) [12] , and Angle Of Arrival (AOA) [13, 14] . Taking into account the characteristics of future mobile receivers as well as the measure error effects on position accuracy, the localization approach based on TOA is drawing people's growing attention. As a simple and robust scheme, TOA is widely used in WSN, which is complimented by many researchers because of its facility, feasibility, and robustness. However, when practical parameters such as clock time offset, clock frequency offset and system internal delay are all involved, there are some unavoidable measurement errors in TOA ranging mechanism, which will make the trilateration method invalid.
This paper proposed a fresh new scheme for mobile localization, called LLA (Lee Localization Algorithm), to deal with these TOA measurement errors to obtain a higher localization precision, taking into account complexity as well. Experimental results show that the algorithm greatly improve the positioning accuracy, under the premise of lower computing cost.
II. RELATED WORK
Quite a few schemes have been proposed to deal with the localization, which can be broadly classified into two categories: range-based and range-free.
A. Range-free schemes
Range-free approaches only need the connectivity information between nodes instead of the distance or angle information for localization [3, [15] [16] [17] [18] [19] . There are some typical schemes, such as, Centroid and DV-Hop. Centroid scheme is a rough location approach based on network connectivity to calculate nodes' locations from received anchor nodes containing reference points' positions [15] . DV-Hop scheme is developed to measure hop counts from each node to specific anchor points [17] , which can be improved with RSSI approach to refine location accuracy [18] . The above approaches typically need a large amount of stationary reference points to obtain higher accuracy [19] . It is also necessary for some schemes to communicate extensively among neighboring sensor nodes [17] [18] [19] . Accuracy and communication overhead are thus the most critical issues for the rangefree approaches, making it unable to be employed for mobile localization.
B. Range-based schemes
Range-based approaches to localization are based on accurate distance measurement from anchor nodes that already know their positions. They need either node-tonode distances or angles for estimating locations. Range estimation can be achieved by any of the following means: RSSI, TOA, TDOA, and AOA. Compared with rangefree approaches, range-based schemes typically provide higher location accuracy to obtain mobile node's position.
RSS is the cheapest one in terms of hardware and communication requirements, which can be easily measured from the RSSI circuitry [20] in the receiver. Range estimation is then completed by a straightforward path loss model for RF propagation through the space. However, RSSI has lower position accuracy (±50 percent error of the transmission range) than the other schemes because of hardware variations.
TOA is calculated based on the starting and receiving time of a signal transmission. This approach can achieve high accuracy (1-2 percent error of the transmission range) over a communication range of 3-6m [21] , which is significantly lower than RSSI. Although the approach cannot accomplish as low cost as RSSI, it provides high precision instead to meet corresponding application requirements.
TDOA is calculated based on the individual time of arrival measurements, avoiding transmitting the originating time [22] . However, this scheme requires a dense node deployment as the ultrasonic transmission distance is limited, resulting in significant computation and communication overhead. Hence, this approach is not suitable for low-powered wireless sensor networks.
In this paper, we focus on localization based on TOA as we are unwilling to equip antennae with sensors, which is necessary for AOA scheme.
III. MOTIVATION
The basic idea behind TOA approach is to measure the time of flight of a signal propagating between the unknown node and the reference node. That is, the transmitter sends a signal with a synchronization message and the departing time to the receiver, and the latter receives both the signal and the synchronization message, recording the arriving time at the same time. If the signal propagating speed is known, the distance between two nodes can be calculated according to the signal transmission time. Then the unknown node's location can be estimated by the trilateration method.
Reference nodes, in each time period, send the radio signal to the unknown mobile node, and in the absence of ranging error, the mobile node is located on the circle, whose center is the reference node and radius is the distance between two nodes. If there are three reference nodes which receive the same signal from the mobile node, three corresponding circles are created and then the mobile node may be located at the intersection of the three circles, according to the trilateration method.
However, when TOA is applied to localization in WSN, the system is not synchronized and hence there is an unknown clock offset between each pair of nodes, which is varying in time. The system interval delay with nodes is treated as another unknown parameter, which is the time difference between the node clock time and time when the radio signal arrives at (or departs from) the antenna [23] . If there is a bigger deviation in clock references among different nodes, the measurement error will be larger. For instance, clock difference of 5ns between two nodes will result in an error of 1.5m in the range measurement, according to the radio wave propagation speed of 3*10 8 m/s. Hence, TOA measurement errors are composed of the following parts: measurement error caused by receiver noise and channel fading, the positive bias caused by NLOS (non-line-ofsight), and the error caused by the clock frequency offset [23] .
As a consequence, in practical application, the TOA measurement is corrupted by the above factors, making the estimated distance generally greater than the actual one, which will cause three circles not to converge when traditional trilateration method is employed. Though we can employ the mulilateration methods instead by LS (Least Square), MLE (Maximum Likelihood Estimation), or MMSE (Minimum Mean Square Error), the location accuracy is quite not satisfying and the computation cost is very high due to a large amount of floating-point operations. What's more, traditional trilateration methods take into account only the estimation noise (often modeled as a Gaussian noise) effect. To this end, we proposed a new solution to deal with all the TOA measurement errors, providing a better trade-off complexity-precision than trilateration.
IV. PROPOSAL OF LLA
Indeed, it is an effective way to enhance measurement accuracy in hardware to reduce errors for TOA approach. However, it is hardly possible to do so, limited by sensor node energy, hardware complexity and network scale. Hence, we should focus on localization methods instead to improve mobile localization performances.
Since traditional trilateration takes into account only the error-free situation for TOA, that is, three circles can converge. However, as a result of measurement errors in application, two circles can not always intersect. As a consequence, there are three possibilities in geometry: tangency, separation and inclusion.
In this work, we proposed a new approach to reduce measurement errors for TOA to locate a mobile node, called LLA. The approach is a three-phase scheme: (1) in the first phase, the pre-ranging algorithm is proposed to initialize localization, employing TOA scheme; (2) in the second phase, the refinement algorithm is developed to filter out bad nodes; (3) in the third phase, the smallest circle covering algorithm is introduced to deal with good nodes to complete the localization. The approach is under the premise that both positioning and signal sampling are not affected by climate, construction, traffic and other environment factors.
The whole localization process of the approach is shown in Fig. 1 . (1) The local host sent a positioning request frame to the mobile node, to obtain the coordinates of the mobile node.
(2) The mobile node broadcast a clock synchronization request frame to each reference node upon receiving the positioning request, to synchronize in the whole network.
(3) The reference node sent a synchronous response frame upon receiving the synchronization request.
(4) The mobile node broadcast a ranging request frame to each reference node.
(5) The reference node sent a ranging response frame including the measured distance between it and the mobile node upon receiving the ranging request.
(6) The local host received the response frame from reference nodes, ran LLA algorithm, and then calculated the coordinates of the mobile node, according to the measured distances and the corresponding reference node's coordinates.
V. INITIAL PRE-RANGING PHASE

A. Synchronization
Before pre-ranging, synchronization is compulsory at first. As LLA needs higher time synchronization accuracy, the signal level explicit synchronization model is introduced. Taking into account communication costs, a relatively simple data communication protocol was developed in the data transmission process. Data frame is defined as shown in Table I . 1) Frame head: all of data frame heads are set to FF, denoting the beginning of a data frame and accounting for one byte.
2) Command identification: it is used to identify whether a frame is request or response, occupying two bytes.
3) Length: according to it, we could know how many bytes we should read to form an entire frame, occupying one byte. 4) Destination ID: if it is FF, it represents broadcast; if a node ID, it means that the frame is related with the node, accounting for two bytes. 5) Source ID: it indicates the frame's source address, occupying two bytes. 6) Data: its format is as shown in Table II.   TABLE II. FORMAT OF DATA
byte （optional） data length information
If data length is zero, then the data won't contain optional part, denoting the frame is sent by local host to obtain the node information. Otherwise, the length of optional part belongs to the data, including all the information required by local host. 7) Parity bit: it is XOR result of all the data in bytes except itself in the frame, occupying one byte.
B. Pre-ranging Algorithm
The distance between mobile node S(x, y) and reference node i(x i , y i ), denoted by L i , is determined by TOA scheme (i=1,2,…n; 3≤n≤8). It is necessary to explain why the maximum number of reference nodes is selected as eight. If the number of reference nodes is excessive, traffic between nodes will increase enormously, even to result in network congestion and affect node localization. What's more, once the density of reference nodes reaches a certain range, localization precision will no longer be improved. On the other hand, high density also means high cost for the network. To this end, the number of reference nodes cannot be too much, thus we select a common experimental value of 8. L i is the product of signal propagation speed and flight time between the mobile node and reference nodes. Suppose that signal departing time from transmitter is t, arriving time at reference node i is t i , and propagation speed is c, then there is the relationship as in (1):
For each reference node i, (1) holds. The mobile node must be located on the circle, whose center is i and radius is c(t i -t).
Pre-ranging algorithm flow is described in the following pseudo codes: Algorithm pre-ranging localization begin a new ranging localization instance 1) time.enable = true //start the timer 2) time.interval = 100 //set 100ms as timeout 3) collect localization information returning from reference nodes 4) if the number of reference nodes n > 8 5) then close the timer and start calculating location 6) else if time is out 7) then if the number of reference nodes n <= 2 8) then output coordinates(0, 0) 9) else go to Step 5) 10) else go to Step 3) end
C. Probable Location Calculation
The probable location of mobile node S is on n circles, which take reference node i as the center and Li as the radius. Then there is the relationship as in (2):
D. Initial Location Calculation
Because of ranging errors, the n circles calculated in Section C, are not always tangent to each other. In fact, there are four kinds of ubiety between every two circles: separation, intersection, tangency (internal tangency or external tangency) and inclusion. In all cases, we take two points respectively as the initial location of S, hereinafter referred to as intersections for short. We will discuss how to select intersections in details. Let d jk denote the distance between reference nodes j and k.
(1) In the case of separation, that is d jk >L j +L k , we take two inner intersection points of two circles and the line determined by two centers as the initial location of S, namely points A and B as shown in Fig. 2 . (2) In the case of intersection, that is | L j -L k | <d jk <L j +L k , we take two intersection points of two circles as the initial location of S, namely points A and B as shown in Fig. 3 . (3) In the case of tangency, that is d jk =L j +L k (external tangency) or d jk =|L j -L k | (internal tangency), we take the tangent points of two circles as the initial location of S. In this special case, we take the tangent points as two intersections, namely points A and B respectively as shown in Fig. 4 and Fig. 5 . 
VI. REFINEMENT PHASE
In the initial pre-ranging phase, 2 2 n C initial positions of S, that is, 2 2 n C intersections, were obtained. However, some of them play an extremely small role in mobile localization, even dramatically reduce position accuracy. Hence, we consider these nodes as bad nodes. Due to these bad nodes, the average positioning precision of the whole network is affected. However, these bad nodes cannot be identified during TOA ranging process. In order to improve the precision, these bad nodes are still required to be filtered out. To this end, an effective refinement algorithm is proposed to acquire the best location.
In the refinement algorithm, constraint is used to identify and eliminate undesirable ranging data, which is described specifically as follows:
(1) Select two reference nodes nearest the mobile node as the constraint, denoted by I1 and I2, and the corresponding distances with the mobile node is denoted by L1 and L2. It is the compromise between complexity and position accuracy of the algorithm to choose two reference nodes as the constraint points. 
VII. LOCALIZATION PHASE
After refinement phase, we should develop special localization algorithm to obtain the final position of mobile node S. For the optimized intersections, the smallest radius circle is employed to cover all of them. When the algorithm ends, the center of the circle is the final location of S. The positioning algorithm in this stage is described as follows:
(1) It randomly selects three points A, B and C from the intersections set.
(2) It draws the smallest circle containing the three points A, B and C, which may be all on the circle or two of which on the circle including the third point. In the latter case, two points on the circle must be located at both ends of one diameter.
(3) It finds the furthest point D from the center of the circle generated by step (2) in the intersections set. If point D is already in or on the circle, the circle will be the desired one and the algorithm will end. Otherwise, it will continue to go to step (4) .
(4) Finally, it selects three points from points A, B, C and D, and makes the smallest circle containing the four points. Then, the three points become new points A, B and C, and it returns to step (2) at the same time. If only two points of A, B, C and D are on the circle generated by step (4), then the two points are new points A and B, choosing any one of the other two points as new point C.
VIII. PERFORMANCE ANALYSIS
A. Lolalization accuracy
Positioning accuracy is closely related to the location of mobile node: during the actual localization, the mobile node may appear outside the targeted region, resulting in a very large positioning error; if it appears within the region, positioning accuracy will be greatly increased. To this end, we only pay attention to the localization precision in the latter case.
In this section, we evaluate the performance of the proposed approach through prototype experiment. We fitted position node into mobile robot as the mobile node, and deployed it randomly in a square area with dimensions of 10m*10m. Meanwhile, we randomly deployed three types of scenes, namely, four, six and eight reference nodes on the boundary, which were fitted on the top of shelves around 1.5m high respectively. In all the scenes used for test, reference nodes were fixed and network topology varied randomly while the robot moved. Then we connected local host with the sensor network through gateway, initialized the position of reference nodes, and sent localization request frame to start positioning. The results show the average for 500 scenarios of each type. Fig. 7 shows the positioning results of LLA in the case of eight reference nodes. The blue color denotes reference nodes, the purple denotes real position of mobile node, and the red denotes estimated positions of mobile node employing LLA. It can be observed from Fig. 7 that, test results are mostly within the circle, the real position as the center and 2m as the radius. We also compare the average localization error in all the three cases in order to analyze the precision of the proposed approach in details, as shown in Fig. 8 . In all the cases, the average position errors are mainly distributed in the range from 1m to 1.5m, and within two meters even at the probability of more than 90%. That is, the localization error of LLA is within 2m, which can satisfy accuracy requirements for both outdoor and indoor localizations (Generally, an accuracy of 10m is needed for outdoors, and 2m or better accuracy for indoors). Meanwhile, the average localization errors of traditional trilateration method and our scheme are compared in the same testbed, and the analysis results are depicted in Fig. 9 . Under the same network conditions, trilateration has much larger positioning errors than LLA as a result of TOA measurement errors, whereas, LLA reduces these measurement errors effectively, obtaining significantly higher accuracy than trilateration. In practice, the network scale is usually larger than our experiment, which results in even greater measurement errors, and LLA obviously outperforms trilateration. 
B. Complexity
Suppose there are n reference nodes in the sensor network. In the pre-ranging stage, we should store the measured distances between mobile node and reference nodes denoted by Li (1=<i<=n) and the positions of ). In the pre-ranging stage, we need calculate the locations of 2 2 n C intersections; while in the refinement stage, in order to filter out bad nodes, we need calculate the distances between each intersection and all the reference nodes and also compare n/2 times for each intersection. Hence, the time complexity of LLA is O (n 3 ). According to the above analysis, compared with traditional trilateration, the proposed approach doesn't increase space cost and time cost to improve positioning accuracy. In other words, it is not at the expense of complexity to obtain higher precision for LLA, achieving the original design goals.
IX. CONCLUSIONS
We have proposed a simple yet novel approach for mobile localization to reduce the unavoidable TOA ranging errors, and evaluated its performance through prototype experiment. Experimental results show that the approach has high localization precision as well as low complexity, achieving the original design goals. However, there are two problems to be further studied for LLA: the clock synchronization protocol of point to point mode employed in the algorithm, improves the robustness of system, whereas, it increases difficulty in controlling nodes, limiting the network scale; on the other hand, when the mobile node appears outside the targeted region, localization precision will be significantly reduced.
